Chronic intermittent hypoxia (CIH), a characteristic of sleep obstructive apnea, enhances carotid body (CB) chemosensory responses to hypoxia, but its consequences on CB vascular area and VEGF expression are unknown. Accordingly, we studied the effect of CIH on CB volume, glomus cell numbers, blood vessels diameter and number, and VEGF immunoreactivity (VEGF-ir) in male Sprague-Dawley rats exposed to 5%O 2 , 12 times/hr for 8 hrs or sham condition for 21 days. We found that CIH did not modify the CB volume or the number of glomus cells, but increased VEGF-ir and enlarged the vascular area by increasing the size of the blood vessels, while the number of the vessels was unchanged. Since oxidative stress plays an essential role in the CIH-induced carotid chemosensory potentiation, we tested if antioxidant treatment with ascorbic acid may impede the vascular enlargement and the VEGF upregulation. Ascorbic acid, which prevent the CB chemosensory potentiation failed to impede the vascular enlargement and the increased VEGF-ir. Thus, present results suggest that the CB vascular enlargement induced by CIH is a direct effect of intermittent hypoxia, and not secondary to the oxidative stress. Accordingly, the subsequent capillary changes may be secondary to the mechanisms involved in the neural chemosensory plasticity induced by intermittent hypoxia.
Introduction
The obstructive sleep apnea (OSA) syndrome, a growing sleep-breathing disorder is recognized as an independent risk factor for systemic hypertension and other cardiovascular diseases (26, 41) . Among disturbances produced by OSA, the chronic intermittent hypoxia (CIH) is considered the main factor for the development of hypertension (12, 41) . Recordings of carotid body (CB) chemosensory discharges in animals have shown that exposure to intermittent hypoxia selectively increases the normoxic carotid discharges and potentiates the chemosensory responses to acute hypoxia (7, 17, 29, 30, 36) . Accordingly, it has been proposed that the enhanced carotid chemosensory responsiveness to hypoxia contributes to the CIH-induced hypertension (10, 17, 35, 40, 46) .
Similarly to the CB chemosensory potentiation induced by CIH, it is well known that chronic sustained hypoxia (i.e. high altitude) progressively increases carotid chemosensory discharges and responses to hypoxia (1, 8, 25) . In addition, long-term exposure to sustained hypoxia produces hypertrophy and/or hyperplasia of glomus cells, and enlarges the CB size and the vascular area (6, 14, 20, 24, 32, 45) . Indeed, it have been reported a ten-fold increase in the volume of the CB capillaries in hypoxic rats (6, 20) . In contrast, much less is known about the morphological consequences of CIH on the CB. The available information indicates that exposure of adult rats for 10 days CIH does not modify the number of glomus cells or the CB size (30) , but other morphological changes have not been studied.
Since intermittent hypoxia-induced angiogenesis is a crucial compensatory mechanism for providing oxygen supply to different tissues during hypoxic conditions (18, 19) , we hypothesized that long-term CIH may enlarge the capillary vascular network in the rat CB. A possible mediator of the effect of intermittent hypoxia on CB blood vessels is the vascular endothelial growth factor (VEGF).
Upregulation of VEGF in the CB has been associated to the increased blood vessels area in rats exposed to chronic sustained hypoxia (3, 5) . VEGF also promotes the generation of new coronary collaterals, which may play a main role in protecting the myocardium of patients with a long OSA history (22) . However, it is not known if CIH may modify the number and/or the size of the blood vessels or increased the VEGF expression within the CB of adult rats.
It has been proposed that increased levels of reactive oxygen species (ROS) play a critical role in the CIH-induced potentiation of the CB chemosensory responses to hypoxia (7, 17, 28, 29) . Indeed, Peng et al. (29) proposed that the superoxide radical contributes to the CIH-induced CB chemosensory potentiation.
They found that pre-treatment of rats with a superoxide dismutase mimetic for 10 days before and during the exposure to CIH prevent the enhanced CB chemosensory responses to hypoxia. Recently, we tested the hypothesis that oxidative stress contributes to the CB chemosensory potentiation in rats exposed to CIH for 21 days (7). We found that oral supplementation of ascorbic acid effectively prevents the increased plasma lipid peroxidation and the 3-nitrotyrosine formation within the CB, as well as the potentiation of carotid chemosensory responses to hypoxia. These observations support a main role for oxidative stress in the generation of CB chemosensory potentiation induced by intermittent hypoxia. Cellular responses to intermittent hypoxia results in the accumulation of the hypoxic-inducible transcription factor alpha (HIF-1α) in the CB (31) and in O 2 -sensitive PC12 cells (47) . Since VEGF is downstream of the HIF-1α signaling pathway (39) , it is likely that increased HIF-1α levels in the CB may contribute to upregulate VEGF in rats exposed to CIH. Alternatively, VEGF may be directly upregulated by oxidative stress intermediates such as superoxide radical and peroxynitrite (34) . Thus, it is plausible that the CIH-induced oxidative stress may enhance the VEGF expression in the rat CB. For that reason, we hypothesized that treatment with an antioxidant may affect the expected overexpression of VEGF and the enlarged vascular area in the CB. Thus, we tested the effects of ascorbic acid on the vascular area enlargement and VEGF immunoreactivity (VEGF-ir) in the CB of rats exposed to CIH for 21 days. As a control of the known effects of ascorbic acid on the potentiated CB oxygen chemoreception induced by CIH (7), we recorded carotid chemosensory responses to several levels of PO 2 
in the same
CBs employed to analyze the morphological and VEGF-ir changes.
Materials and methods

Animals.
Experiments were performed on 34 male Sprague-Dawley rats, weighting initially ~200 g. Rats were fed with standard rat chow diet ad libitum, and kept on a 12-hour light/dark schedule (8:00 am-8:00 pm). The experimental procedures to obtain CB tissue samples and to record carotid sinus chemosensory discharges were performed under sodium pentobarbitone anesthesia (40 mg/kg ip), followed by additional doses when necessary to maintain a level of surgical anesthesia. The experimental protocol was approved by the Bio Ethical Committee of the Facultad de Ciencias Biológicas of the Pontificia Universidad Católica of Chile.
Experimental groups and chronic exposure to intermittent hypoxia.
Rats were randomly assigned into four experimental groups. The first group was exposed to chronic intermittent hypoxia (CIH) for 21 days. The second group was exposed to CIH for 21 days and received ascorbic acid (1.25 g/l, CIH-AA) in the drinking tap water from the first day of CIH exposure as previously described (7) . The third group was exposed to sham conditions (air to air cycles) and the fourth group was exposed to sham conditions and received ascorbic acid. The ascorbic acid solution was freshly prepared every day, and preserved in dark containers to avoid oxidation. Fluid intake was not significantly different between all groups (~10 ml/ day per 100 g body weight). Rats were exposed to intermittent hypoxia as previously described (7, 17) . Unrestrained, freely moving rats housed in individual chambers (12 cm x 35 cm, 2.2 l) were exposed to a CIH protocol consisting of hypoxic cycles of 5-6% inspired O 2 for 20 s, followed by room air for 280 s, applied 12 times/hr, 8 hrs/day during 21 days or to sham conditions. The chambers had a rear N 2 inlet and a front air extractor, which enables the recovery to normoxia. A computerized system controls the valve inlets and the alternating cycles of the extractors. During hypoxia, the extractors stopped and the rear solenoid valves allow 100% N 2 flows into the chambers. The O 2 level in the chambers was continuously monitored with an oxygen analyzer (Ohmeda 5120, USA). The CO 2 in the chamber was maintained low by continuous air extraction. In the sham condition, the hypoxic cycles were replaced by flushing compress air into the chambers. The room temperature was kept at 23-25°C and the hypoxic and sham patterns were applied during the animal dark phase (8:00 am to 4:00 pm).
In situ recording of carotid chemosensory discharges.
The carotid chemosensory discharge was measured as previously described (7, 17) . Pentobarbitone anesthetized rats were placed in supine position, tracheotomized and the rectal temperature maintained at 38.0±0.5°C with a regulated heating pad. One carotid sinus nerve was dissected and placed on a pair of platinum electrodes and covered with warm mineral oil. The neural signal was pre-amplified (Grass P511, USA), filtered (10-500Hz) and fed to an electronic spike-amplitude discriminator allowing the selection of action potentials of given amplitude above the noise. Selected action potentials were counted with a frequency meter to assess the CB chemosensory frequency of discharge (ƒ x ), expressed in Hz. This procedure was performed by an independent unbiased observer that has no information regarding the nature of the treatment. During the CB recordings, the contralateral carotid sinus nerve was cut to prevent vascular and ventilatory reflex responses induced by the activation of the CB chemoreflexes.
The chemosensory discharge was measured at normoxia and during acute hypoxic stimuli maintained until the response was in semi steady state (~20 s). Rats breathed spontaneously during the whole experiments. At the end of the experiments, rats were killed by an overdose of sodium pentobarbitone (100 mg/kg ip).
Carotid body morphology.
Pentobarbitone-anesthetized rats were perfused intracardially with phosphate buffer saline (PBS; pH 7.4) for 10 min, followed by buffered paraformaldehyde In a separate series of experiments, the CBs from sham and CIH exposed rats were dissected and processed for transmission electron microscopy to addresses if CIH may change the distance between the glomus cells and the blood vessels. For better recognition of the capillaries under electron microscopy, the CBs were fixed overnight by immersion in cold 2.5% glutaraldehyde at 4°C in 10 mM phosphate buffer, pH 7.2. Fixing the CB by immersion allow to preserve red blood cells within the capillary lumen. The CBs were cut into 3 thick slices under a dissection microscope and samples were treated with 1% osmium tetroxide in cacodylate buffer (pH 7.2) for 30 min and then with 2% aqueous uranyl acetate, dehydrated in ethanol, and embedded in an Epon. Areas to be examined by electron microscopy were selected and ultrathin sections were obtained with an ultramicrotome and placed on 300-mesh copper electron microscopy grids. Finally, the sections were counterstained with uranyl acetate and lead citrate, and examined using a transmission electron microscope (Phillips Tecnai 12 Bio Twin, Netherlands). The quantification of the distance between the blood vessels and the chemoreceptor cells was performed in 2-3 different sections per CB in 5-6 μm diameter capillaries. Glomus cells were identified by the presence of dense core vesicles using the ImageJ software (NIH, USA).
Three-dimensional reconstruction of carotid body.
In addition to volume estimation, we performed a three-dimensional (3-D) reconstruction of the CB for visual confirmation of the CIH-induced changes on the organ volume. Regions of interest, including blood vessels, connective tissue and parenchyma, were then interactively discriminated in the digital images by tracing their profiles. Serial CB sections arrangement were performed according to anteroposterior and dorso-ventral axes using the Adobe Photoshop CS3 software and the tissue reconstruction was made using the Reconstruction 3D software. Finally, the images were rendered using the 3D MAX image software.
Immunohistochemistry for vascular endothelial growth factor (VEGF).
Anesthetized rats were perfused intracardially with PBS at pH 7.4 for 10 min 
Statistical data analysis.
Data was expressed as mean±SEM. Comparisons between two groups were performed with the Student's t-test, and differences between more groups were assessed with one or two-way ANOVA tests, followed by Bonferroni posthoc comparisons. The distributions of the blood vessel diameter from different experimental groups were statistically compared using the Kolmogorov-Smirnov test. All analyses were done with the statistical significance set at P<0.05. Figure 1 illustrates the 3-D reconstructions of one CB from a rat exposed to CIH for 21 days and one CB from a sham rat. On gross inspection, no differences in volume were found. The morphometric analysis performed in 7 CBs from 7 CIHtreated rats and 7 CBs from 7 sham rats showed that both axial length and CB volume were not significantly different in the experimental and sham control groups (Table 1 ). Table 1 and Fig. 3 ). The positive immunoreactive TH cells in the CBs from CIH-treated rats were normally distributed in clusters as compared with sham-rats, and no evidence of hyperplasia or hypertrophy was found in the CBs from the CIH-rats. Figure 2 shows a representative example of the effects of CIH on the size of blood vessels in the CB. Since the measurements of the vascular area were performed on the largest CB sectional area (i.e. the vascular center of the organ) most of the blood vessels included in the analysis were capillaries. Indeed, as is shown in Fig. 4 , few positive staining for α-SMA is observed in the largest CB sectional area from a rat exposed to CIH, indicating that most of the blood vessels were devoid of smooth muscle layers. The exposure to CIH resulted in a significant increase of the CB vascular area expressed as a percentage of the sectional area (Fig. 5A) , despite the fact that there were no significant differences between the sectional area studied in both CIH-treated and sham rats. The mean CB sectional area studied was 48,300 ± 6,350 and 43,050 ± 3,350 µm 2 , respectively in the CIH and sham group (P> 0.05; Student's t-test; n =7 CBs from 7 CIH and 7 sham rats).
Results
Effects of intermittent hypoxia on carotid body morphology.
Intermittent hypoxia induced changes in carotid body vasculature.
The increased CB vascular area found in CIH-rats was due a significant increase in the mean area of the blood vessels (Fig. 5B) , but not in the number of vessels (Fig.   5C ). Indeed, we found that CIH modified the distribution of the blood vessels diameter in the sectional area of the CB (Fig. 6A and B) . The Kolmogorov-Smirnov test showed a significant (P< 0.05) shift from small vessels (< 10 μm diameter) towards large vessels (> 10 μm). Thus, CIH increased the size of CB blood vessels, rather than a generation of new blood vessels.
The quantification of the distance between the capillaries vessels and glomus cells under electron microscopy (see Fig. 7 ) showed a significant decrease in the CIH group compared to sham conditions (3.17 ± 0.18 µm, vs. 4.66 ± 0.44 µm, in CIH and sham rats respectively; n= 3 CB in each group, P<0.01). Thus, CIH did not modify the CB volume, because the CIH-induce increased vascular area is accompanied by a decrease in the distance between the chemoreceptor cells and blood vessels.
Increased VEGF-ir in the carotid body of rats exposed to intermittent hypoxia.
Figure 8 A and B shows CBs histological sections stained with an anti-VEGF antibody and counterstained with hematoxylin to visualize nuclei morphology. CIHinduced a significant 3-fold increased in the integrated optical intensity of the VEGF immunoreactivity (P<0.001, see Table 2 ). The positive VEGF-ir was mainly confined to clusters of cells, which have been defined as glomus cells in classical light microscope studies. Indeed, most of the positive VEGF-ir staining was found in clusters of round to ovoid cells, with prominent nucleus (average diameter of ~10 μm). It is worth to note that not all the glomus cell expressed VEGF-ir, while a relative small expression of VEGF was found in vascular territories.
Effects of ascorbic acid on morphological and physiological changes induced by CIH.
Since oxidative stress plays an essential role in the CIH-induced potentiation of carotid chemosensory responses to hypoxia we tested if ascorbic acid, which prevents the chemosensory potentiation induced by CIH (7), may reduce or impede the vascular enlargement and the VEGF-ir up-regulation. We found that ascorbic acid did not impede the increment of the vascular area (Fig. 5A-C) , the shift toward large vessel diameter (Fig. 6C) , and the increased integrated optical intensity of VEGF-ir induced by CIH (Fig 8 and Table 2 ). Nevertheless, ascorbic acid prevented the carotid chemosensory potentiation induced by CIH in the same CBs used to assess the effects of the antioxidant on the morphology and VEGF-ir.
It is worth to noting that we did not found morphological changes in 2 CBs from 2 different sham rats treated with ascorbic acid. Indeed, the vascular area expressed as percentage of the sectional area in these CBs from sham rats treated with the antioxidant was 13.1±1.8 %, a value not significantly different as compared to sham rats (P>0.05, Fig. 5 ). In addition, we found that ascorbic acid did not modify 
Discussion
General.
We studied the effects of intermittent hypoxia on the CB size, number of glomus cells, number and distribution of blood vessel diameter, and VEGF-ir in rats exposed to CIH for 21 days, which present enhanced carotid chemosensory discharges in normoxia and in response to acute hypoxia. The main findings are the following: i) CIH induced vascular enlargement in the adult rat CB, but did not modify the volume of the organ or the number of glomus cells, ii) the enlargement of the vascular area induced by CIH was due to the increased size of capillaries blood vessels, rather than on the formation of new vessels, iii) the vascular increased area in the CB from CIH rats was associated to a decrease in the distance between the chemoreceptor cells and capillaries along with a marked increase in VEGF-ir, iv) the treatment with ascorbic acid did not impede the enlargement of the vascular area and the upregulation of VEGF-ir. Thus, present results agree and extend previous observations showing that exposure to CIH for 10 days did not modify the CB volume or the number of glomus cells in adult rats (29) , and add new information indicating that CIH promotes the upregulation of VEGF and the enlargement of capillary blood vessels in the CB, which are not blocked by antioxidant treatment with ascorbic acid.
Morphological changes induced by intermittent hypoxia.
The CB is the main arterial chemoreceptor that senses the arterial levels of PO 2 , playing a main role in cardiorespiratory homeostasis (15, 16) . The CB morphology and function are largely dependent on the inspired O 2 level. It is well known that longterm sustained hypoxia enlarges the CB producing hyperplasia and/or hypertrophy of glomus cells (6, 21, 24, 32) . On the contrary, present results showed that longterm exposure to intermittent hypoxia did not modify the number of TH-positive cells or the volume of the CB of rats submitted to CIH for 21 days. Thus, present results agree with previous findings reported by Peng et al. (29) showing that the volume and number of glomus cells in the adult rat CB was unaltered by 10 days of CIH.
Present results showed that CIH not modify the CB volume but induced an increase in the vascular area. We found that CBs from rats exposed to CIH shows a significant decreased in the distance between the chemoreceptor cells and blood vessels (Fig. 7) . This result partially explains the lack of effect of the vascular enlargement in the CB volume. The increased vascular area induced by CIH did not result from the generation of new blood vessels, but from the enlargement of blood vessels. The two-fold increased in the CB blood vessels area induced by CIH found in this study was due to a significant shift in the distribution of blood vessels towards large diameters (> 10 μm), but not an increase in the number of blood vessels in the CB from CIH-rats (Figs. 5 and 6 ). Changes in the vascularization of an adult organ may result from two processes: angiogenesis defined as the formation of new vessels by sprouting from preexisting blood vessels, and arteriogenesis, which consisted in the growth of preexisting vessels (2, 38) . Our results support the idea that CIH produced arteriogenesis rather than angiogenesis in the adult rat CB. The changes in size of blood vessels found here cannot be attributed to the fixative procedure of the CB tissue, because sham and CIH-rats were perfused with the fixative solution at the same physiological pressure (~95.0 Torr). Thus, the enlargement of the vasculature observed in the CIH group represents the effect of intermittent hypoxia.
VEGF and intermittent hypoxia.
To our knowledge, this is the first study showing that adult rats exposed to intermittent hypoxia, which developed hypertension and enhanced CB chemosensory responses to hypoxia (7, 17) , show a simultaneous increase of the vascular area and the VEGF-ir in the CB. We found that the increased diameter of CB blood vessels was associated to an increase in VEGF expression, which is considered to promote vascular remodeling in the CB from rats exposed to chronic sustained hypoxia (9) . Hypoxia is a well known stimulus that upregulates the expression of VEGF and induces post-transcriptional VEGF mRNA stability, playing a critical role in the formation of new blood vessels (11) , and in the remodeling of vascular beds under hypoxic conditions (23, 44) . Chen et al. (3, 5) found that sustained hypoxia produces VEGF overexpression in the rat CB, suggesting that VEGF plays a key role in the vascular effects induced by hypoxia in the rat CB. In addition, Tipoe and Fung (42) reported that the adult rat CB expressed VEGF receptors in normoxic conditions, while the exposure to sustained hypoxia induced the overexpression of VEGF type I and II receptors. Thus, the increased levels of VEGF-ir in the CB of CIH-rats may be involved in the growth of preexisting vessels. Most of the blood vessels analyzed in this study were capillaries, because we did not find positive staining for smooth muscles cells in the central part of the CB (Fig. 4) . Therefore, present results suggest that CIH enlarges the capillaries, but we cannot exclude the possibility that some arterioles and/or veins were affected by intermittent hypoxia. Since our measurements were performed in the central part of the organ, a further study using three dimensional histological reconstruction and specific proliferation antibodies is required to solve this question.
CB potentiation and vascular changes induced by intermittent hypoxia: Role of oxidative stress.
The mechanisms underlying the CB potentiation induced by CIH are not entirely known, but previous observations support the idea that CIH increases the endothelinergic tone in the CB (37), which is likely secondary to an increased ROS level (28) . We cannot preclude that CIH may affect the release of other molecules (such as dopamine, histamine, ACh and ATP), which have been proposed as transmitter or sensory modulators between the glomus cells and the petrosal neurons (15, 16) . Reactive oxygen species and reactive nitrogen species (RNS) have been proposed as key mediators of the cardiovascular alterations animals exposed to CIH (4, 7, 28, 29) . Studies performed in OSA patients and CIHexposed animals showed that the cyclic episodes of hypoxia-reoxygenation produces systemic oxidative stress due to the accumulation of ROS and RNS, which are potential sources of cellular damage. Peng et al. (29) The fact that ascorbic acid did not prevent the increased expression of VEGF-ir and the vascular enlargement, suggests that intermittent hypoxia perse and not the increased oxidative stress in the CB produced by CIH was the primary stimulus for VEGF upregulation.
In summary, present results show that CIH increased the vascular area in the adult rat CB, mainly due to an enlargement of the capillary diameter associated with an increased VEGF-ir. Ascorbic acid treatment, which prevented the CB chemosensory potentiation induced by CIH, failed to prevent vasculature enlargement and the increased VEGF-ir in the CB of CIH-treated rats, suggesting that the increased vascular area induced by CIH is a direct effect of intermittent hypoxia, and not secondary to the oxidative stress. Thus, our results suggest that capillary changes induced by intermittent hypoxia may be secondary effects from mechanisms involved in CB chemosensory plasticity.
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